Absfract-Depending on its length-to-diameter ratio, the tubular cylindrical structure can represent either a tubular cylinder or a strip loop. The problem of electromagnetic scattering from such a structure is studied. Chebyshev polynomials are used to represent the axial dependence of the surface current distribution. Formulation is derived for solving the expansion coefficients of the current distribution. Since the double series expansion coefficients of the Green's function over such a basis are known, no numerical integration is required under this formalism. The theory is applied to compute the backscattering cross section of a tubular cylinder over a range of frequencies. The theoretical results agree with experimental data.
I. INTRODUCTION T HE FINITE TUBULAR cylindrical structure is an interesting geometry for modeling electromagnetic problems. Under the assumption of zero wall thickness, it conforms to the cylindrical coordinate with a constant radius. The rotational symmetry around the axis of the cylinder reduces the problem to a single variable. This geometry contains two parameters: the length and the radius. By assuming different parametric values, this structure serves as a model for the linear antenna [ 11, [2] , the loop [3], the thick antenna [4], [5] and, among other objects, the fuselage [6] and the air intake cavity of a jet [7] .
The solution to the problem of electromagnetic scattering from an infinite cylinder is well known [X]. Because of the translational symmetry along the axis of the cylinder, Fourier transformation can be utilized to remove the axial dependence of the Green's function in the infinite cylinder problem. Deprived of this symmetry, a double series expansion for the Green's function is required to solve the finite cylinder problem [2] . With the choice of a complete orthogonal basis, the Chebyshev polynomials of the first kind, analytic expressions for such double series expansion coefficients have been found [9] , This progress makes it very attractive to formulate solutions to electromagnetic problems on the finite cylindrical structure in terms of the surface currents expanded over this basis. Even though closed-form solution to the current distribution is not available and coupled linear equations have to be solved to obtain the final answer, the coefficients of this system of linear equations are determined exactly and can be evaluated efficiently without resorting to numerical integration.
In what follows, the scattered far field in terms of the expansion coefficients of the surface current is also derived.
The backscattering cross section along the axis of a tubular cylinder is computed for two cylinders over a range of frequencies. Their circumferences vary from 0.875 to 3.125 wavelengths and their lengths vary roughly from 1.1 14 to 3.977 wavelengths for one, and from 1.671 to 5.968 wavelengths for the other. The results agree with experimentally measured data.
II. THE SCATTERING CURRENT
In this section, formulas will be derived for the sum of the scattering current on the surface of the tubular cylindrical structure excited by an external field. The cylindrical structure can be divided into two cases. The loop case, in which the height of the tubular cylinder is denoted by 2w and the radius is customarily denoted by by satisfies the relation b > w. The cylinder case, in which the height of the tubular cylinder is conventionally denoted by 2h and its radius by 2a, satisfies the relation h > a. To treat both cases at the same time, the electrical length of these parameters will be denoted by I, = kh and ZZ = ka for the cylinder case and I1 = kw and 1, = kb for the loop case as shown in Fig. 1 where k = 27rA.
Furthermore, the cylindrical coordinate is scaled so that the cylindrical structure is described by p = 1 , -1 I z s 1.
Assume that the sum of the surface current on the inside and the outside surface of the cylinder is w 4 , z)=Kb(+, ZM+KZ(+, z v . An external field having the tangential components E$(C$~ z ) and z ) on the surface of the cylinder, p = 1 and -1 < z < 1 will excite a scattering surface current. A pair of integrodifferential equations for the surface current can be obtained from (3) and (4) by applying the boundary condition on the cylinder surface:
12 ro
Becziuse of the rotational symmetry of this problem, Fourier series expansion can be utilized to eliminate the +dependence. By considering the edge condition [l 11 for the scattering current at the ends of the cylinder, the following series representation for the surface current is adopted where cos u = z, 0 < u < n.
Note that the edge condition is satisfied term by term in the above expressions.
Equations (7) and (8) can be converted into two sets of linear equations for the expansion coefficients Kgn and K g of (9) and (10). Since the component E+ of the scattered field given by the right side of (7) vanishes at the ends of the cylinder while the scattered E, given by the right side of (8) may possess discontinuities as suggested by the edge condition [l 11 , these equations may not be satisfied at z = k 1. In addition to this difficulty, the z-derivatives in (7) and (8) introduce apparent singularities which are not integrable in the variable u = c0s-I z. Thus Fourier series expansion in u cannot be applied directly to solve these equations. Therefore, the factors sin u and sin3 u are multiplied to (7) and (8), respectively, before these two equations are expanded over the Analytic expressions for the above triple integral are available [9] in t e r n of series sums of the variables 1, and 1, for both the cylinder case, l1 > 12, and the loop case, II < 1, .
These expressions converge to a single value when II = Z2.
They are reformdated in the forms computer progrims for summing up the series ?e written, which are somewhat different from their origind forms [9] , and are included in the appendixes.
Since G{.Q = Gf:, advantage may be taken by separating the surface current into even and odd 4dependent parts. 
IV. COMPARISON WITH MEASURED DATA
Backscattering cross sections of two sets of cylinders whose length-to-diameter ratios equal 4 and 6, respectively, have been measured. A schematic experimental configuration is shown in Fig. 3 . Each set consists of four cylinders of different sizes to comprise the data points shown as circles in Figs. 4 and 5 . The inner radius a-of the cylinder is chosen as the radius a of the idealized cylinder of zero wall thichess used in theoretical computation [12] , [13] , [14] .
.
Assume that a linearly polarized plane wave given by
Ei=feillZ is incident on the cylinder. On the surface of the cylinder, Thus, and only the K , j : ) * p and K6;)J' components exist.
The backscattered E-field has only the y-component, and the ratio of the cross section to the projected area of the cylinder uo = na2 is which is dependent on I, and l2 only. ' Computations up to n = 8 have been carried out to provide bistatically scattered fields from nonaxially incident waves. The sets of linear equations are stable under inversion for all these cases. Results will be published when measured data are available. 
V. CONCLUDING REMARKS
Surface current on the finite tubular cylindrical structure has been expanded over the Chebyshev polynomials in a form that the edge condition is satisfied t e e by term. Systems of linear equations are obtained which determine these expansion coeffkients and thus the surface current under external excitation. This formulation applies to both the cylinder case and the loop case and to both scattering problems and antenna problems when the antenna is driven evenly outside and inside the cylinder [5] .
[2], [3] , [5] , [15] in that (8) is not formally integrated and there is no integration constant to be determined. It is different from other techniques in that all the coefficients, Mp& etc., of the linear systems of (15) $ is the logarithmic derivative of the gamma function.
The first two double series sums converge rapidly. The fourth sum, being finite, can be carried out easily. The third sum is a power series in (12/Z1)2 whose coefficients are functions of ll and In (Z2/Z1). When Z2/Z1 approaches 1 , the convergence is slow.
Convergence acceleration by Euler-Abel transformation has been adopted which provides accurate results.
APPEhDIX
Gfq FOR lI I Z2, n 2 0
For l1 5 Z2, Gfq can be written, withp + q = 2s and Ip -qI = 2d, as The same remarks for the case f I 2 f, apply except that, in this case, the third double series sum is a power series in (121 /d2.
